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Nomenclature
z : Horizontal coordinate
r : Radial coordinate
u : Horizontal velocity
P : Perimeter of the channel
 : Density of the uid mixture
Yi : Mole Fraction of component i
Ac : Cross sectional Area
d : Diameter of the channel
_!i : Molar production of gasphase component i
_si : Molar production of surface species i
p : Pressure in Pa
Mavg : Average molecular weight of the mixture
Tb : Temperature of the bulk uid
Re : Reynolds number
Rg : Universal Gas constant
Pr : Prandtl number
km;i : Mass transfer coecient of species i
Yi;s : Mole fraction of the species i at the surface
ji : Radial diusion ux
Di : Diusivity of species i
Nu : Nusselt number
Gz : Graetz number
 : viscosity
Sh : Sherwood number
Sc : Schmidt number
kf : Forward rate constant
kr : Reverse reaction rate coecient
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Abstract
Catalytic combustion is carried out in a tubular reactor of radius in the order of millimeters and a
length of around 10 centimeters in presence of catalysts Rhodium and Platinum. For mass transfer
coecient calculation in the modeling of mass transfer between the bulk of the uid to the surface,
correlations developed by Tronconi and Forzatti(1992) are used. The results shows that the assump-
tion stating both the bulk concentration and concentration at the surface are same, deviates from
the actual scenario. The combustion is actually slow than what PFR predicts when we observed
the mass transfer limited catalytic combustion. A discrepancy is observed with the mechanism of
methane partial combustion in the presence of Rhodium catalyst in terms of the concentrations
of CO2 and H2O mole fractions, the mechanism gives more CO2 and H2O than the equilibrium
composition.
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Chapter 1
Introduction
1.1 Background
These are the days the world is obsessed with energy, its ecient utilization and environment
pollution control. Combustion is the major way of extracting energy to put it into many useful
forms from various fuels available in dierent forms. So combustion is inevitable process in today's
world, which is also one of the major source of green house and hazardous gases in the atmosphere.
Exhaust gases from industrial processes are sources of hazardous gases like CO, NO, NO2, sulfur
oxides present in the environment. Hence developing ecient combustion technologies will ensure
eective utilization of fuel resources and also reduce the harmful gases in the exhausts. This gives
a strong motivation for the current study.
Combustion can be two types namely homogeneous combustion also called as conventional com-
bustion and catalytic combustion. It is appropriate to have some understanding of these two types
of combustion. Majority of the dierences are[1]
1) Conventional combustion happens in presence of a ame, where as catalytic combustion is a
ameless process.
2) Catalytic combustion is a low temperature process when compared to conventional combustion.
3) Catalytic combustion releases very less oxides of Nitrogen
4) Conventional combustion can be realized only in a certain limit of fuel to oxygen ratio known
as ammability limit, whereas catalytic combustion is not so dependent on fuel to air ratio.
5) Less constraints on reactor design with catalytic combustion.
Conventional combustion happens at certain compositions of fuel in air, which is known as the
ammability limit. It depends on the fuel, each fuel will have a dierent ammability limit. For
methane it is 5% to 16% of methane by volume. A spark or a pilot ame is required to initiate the
combustion in conventional combustion. Usually too much of air or inert gas will be sent to lower
the temperatures in conventional combustion. Conventional combustion occurs in a chamber called
rebox or furnace. Sucient space should be allowed to develop the ame and to avoid impingement
of the ame on the wall. So large chambers are required for conventional combustion and due to
high combustion temperatures there is a problem of NOX formation. Catalytic combustion doesn't
require any spark or pilot ame, it doesn't form ame, has no ammability limits, but a minimum
gas inlet temperature is necessary to achieve maximum catalytic activity. The temperatures in the
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catalytic combustor are much lesser than conventional combustion at which thermal NOX formation
is very less and ame impingement is not a problem.
Therefore catalytic combustion promises a cleaner combustion process, and makes the design
of combustion furnaces and reactors more compact. Low caloric value fuels can be utilized for
combustion in catalytic combustors, where as it is dicult to sustain the ame in conventional com-
bustion. Catalytic combustors are also used to combust volatile organic compounds(VOC) at low
concentrations in air streams. Low temperature combustion in catalytic combustors oers low for-
mation of NOX and they can also be used to combust exhausts from vehicles which contain carbon
monoxide, hydrocarbon and NOX , are known as catalytic converters. This gives an idea how impor-
tant is catalytic combustion for various combustion applications which is cleaner in the emissions
unlike conventional combustion processes. Early observation of study on catalytic combustion can
be seen with the research of Sir Humphrey Davy(1818), who had devised a safety lamp to use in the
underground coal mines using a platinum wire with air and coal gas to make the wire hot without
a ame, which is required as there will be methane gas in the underground coal mines which may
cause re accidents.
Catalytic combustion can be operated in two ways 1) Catalytic combustion, 2) Catalytically
supported homogeneous combustion. In the rst case the combustion reactions occur on the surface
of the catalyst surface. In the second case reactions on catalyst surface generate intermediate
species and this process will also increase the temperature of the bulk uid, which is sucient to
carry out the gas phase combustion and sustain the homogeneous gas phase reactions[1]. In the rst
case motivation is to reduce gas phase reactions and in the second case to initiate the gas phase
reactions. The catalyst will be dierent in these two cases.
Monolithic reactors are being used in many combustion applications for heat generation, and
eliminating NOX ,CO from the exhaust gases. Heat generation case applies to gas turbines with
catalytic combustor systems[2]. Major applications of monoliths are in the pollution abatement from
stationary and non-stationary sources, such as treatment of exhaust gases from cars, decomposition
of ozone in aircrafts, reduction of NOX , destruction of volatile organic compounds( VOC ), and in
catalytic combustion applications.
Monoliths involve combination of single reactor such as circular or tubular, square, etc. Current
study is carried out to understand the modeling of catalytic tubular reactors by incorporating the
mass and heat transfer eects. Tubular reactors are also used in other various processes. Apart from
the above applications, some are in hydrogenation and dehydrogenation, hydrocracking, oxidative
decomposition, reforming[3].
Here mass transfer eects, combustion mechanism validation and order prediction of the combus-
tion reactions are carried out. Major challenge in carrying these simulations is getting the solutions
stabilized or getting a convergent solution. A study to compare the plug ow reactors, with bound-
ary layer model and Navier-Stokes models. Where both boundary layer model and Navier-Stokes
model are 2D[4], we are studying the behaviour of a 1D model when mass transfer coeecints are
used to model the mass transfer and we are comparing with a 2D boundary layer model.
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Chapter 2
Modeling of Tubular Reactors
Modeling of tubular reactors can have various levels of complexity based on number of mass and
heat transfer eects included in the system. Tubular catalytic reactor can be modeled by considering
the concentration and temperature of the bulk uid and the solid wall as same, and is known as
pseudo-homogeneous model, and by modeling bulk uid and solid wall separately connecting through
transport equations for mass and heat transfer, the model is known as heterogeneous model. Ideal
plug ow reactors are modeled as one dimensional in the axial direction and considering same
temperature and concentration at the wall and in the uid.
2.1 Governing equations of PFR
A 1D steady state plug ow reactor is considered, with uniform temperature and concentration in
the bulk uid as well as at the wall. Fig.(2.1) is a schematic representation of the elemental volume
considered for the mass and energy balance equations.
Figure 2.1: Representation of 1D Plug ow reactor, with a control volume of V and of length z
d
dz
(u) = 0; (2.1)
d
dz
(uYi) = _!iWi +
4
d
_siWi; (2.2)
uAc
d
dz
(CpTb) =  ( _!ihiMiAc + _sihiMiP ) + hP (Tw   Tb); (2.3)
pMavg = RgTb (2.4)
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These equations describe the mass balance, species balance, energy balance and ideal gas equations
respectively. Where Tb is the bulk temperature of the uid, Tw is the wall temperature, _!i, _si are
the molar production rates of species i due to gas phase reaction and surface reaction.
2.2 Modeling of PFR with mass and heat transfer limitations
Mass transfer to the wall due to convection from the uid and the mass transfer due to diusion in
the axial direction need to be incorporated in order to study the eect of mass transfer phenomena
on the system. Considering km;i as mass transfer coecient and Di;A diusion coecient is used.
Below are the governing equations with axial diusion, convective mass transfer to the wall and heat
transfer from wall.
d
dz
(u) = 0 (2.5)
d
dz
(uYi) = _!iMi +
4
d
_siMi (2.6)
km;i(Yi   Yi;s) = _siMi (2.7)
uAc
d
dz
(CpTb) =  ( _!ihiMiAc + _sihiMiP ) + hP (Tw   Tb); (2.8)
pMavg = RgTb (2.9)
2.3 2-D Modeling of tubular catalytic reactor
It is based on the boundary layer approximation, it is applicable for systems with a main direction
of the convective ow, in which diusive transport along this direction is negligible compared to
convection. This assumption is valid for any cylindrical reactor with suciently high velocity of the
uid or very suciently small diameter of the channel. All the other transport eects within the
uid, diusion limitations of surface reaction rates, are considered in this approximation. Governing
equations are[5]
@(ru)
@z
+
@(rv)
@r
= 0 (2.10)
@(ru2)
@z
+
@ruv
@r
=  r @p
@z
+
@
@r

r
@u
@r

(2.11)
@p
@r
= 0 (2.12)
@(ruh)
@z
+
@(rvh)
@r
= u
@p
@z
+
@
@r

r
@T
@r

  @
@r
 X
i
rjihi
!
(2.13)
@(ruYi)
@z
+
@(rvYi)
@r
=   @
@r
(rji) + r _!i (2.14)
Above equations represent the total continuity, axial momentum, radial momentum, energy and
species continuity respectively. The ux ji is calculated as
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ji =
8><>:
_si if r = rmin
 Di MiM
@Xi
@r if rmin < r < rmax
  _si if r = rmax
9>=>; (2.15)
Where v is the radial velocity, r is the radial coordinate, h is enthalpy density of reacting
mixture, hi is the species enthalpy, ji is the radial diusion ux. The coupled equations are solved
using implicit code LIMEX in DETCHEMCHANNEL.
The above Eq. 2.6 and 2.7 include the mass transfer(km;i) due to convection and molecular
diusion(D) in the axial direction. Solving these equations requires the knowledge of h and km;i
values as a function of axial position, as these values vary with temperature, velocity, viscosity
and with axial position. For the case of simultaneous boundary layer development the correlation
developed by Tronconi and Forzatti(1992) are used. The equations for constant wall temperature
are
NuT = 3:656 + 8:827

1000
Gz
 0:545
exp
 48:2
Gz

(2.16)
For constant wall heat ux the below equation gives local heat transfer coecient.
NuH = 4:364 + 13:18

1000
Gz
 0:524
exp
 60:2
Gz

(2.17)
Here NuT , NuH are Nusselt number for constant wall temperature and for constant wall heat ux
respectively. Nusselt number is dened as fallows
Nu =
hL
kf
(2.18)
Here h is the convective heat transfer coecient of the uid, L is the characteristic length (DT in
this tubular reactor case), kf is thermal conductivity of the uid. Graetz number Gz is dened as
below
Gz =
DT
z
RePr (2.19)
Where Re is Reynolds number dened based on the tube diameter DT as below
Re =
DTu

(2.20)
and Pr is Prandtl number dened based on the uid properties as below
Pr =
Cp
kf
(2.21)
where Cp; ; kfare specic heat, viscosity, conductivity of uid respectively. For nding the local
mass transfer coecient we will use the Sherwood number calculated as below for the two dierent
cases of constant wall temperature(Eq. 2.16) and constant wall heat ux(Eq. 2.17) for the case of
simultaneous development of thermal and hydrodynamic boundary layer situation.
ShT = 3:656 + 8:827

1000
Gz
 0:545
exp
 48:2
Gz

(2.22)
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ShH = 4:364 + 13:18

1000
Gz
 0:524
exp
 60:2
Gz

(2.23)
Here ShT , ShH are Sherwood numbers at constant wall temperature and at constant wall heat ux
respectively. Sherwood number is dened as
Sh =
ki;mL
Di;A
(2.24)
Where ki;m is the convective mass transfer coecient of species i, L is the characteristic length of
the system (DT for tubular reactor), Di;A is the diusivity of the species i in the bulk of uid A
which is air. Graetz number is dened in the case of calculating convective mass transfer coecient
as
Gz =
DT
z
ReSc (2.25)
where Sc is the Schmidt number characteristic of hydrodynamic diusivity relative with molecular
diusivity and is dened as
Sc =

Di;A
(2.26)
where Di;A is the diusivity of the species i in bulk A, here A is assumed to be air, which needs
to be calculated based on the uid temperature and pressure. In the system under study we are
keeping the pressure constant along the reactor, so we need to nd the diusion coecient based on
the temperature of the uid along the reactor.
2.4 Boundary Condition
Inlet boundary conditions Tb=T0, Yi=Y0, u=u0, =0, Yi;s=0 at z=0; Where Tb is the bulk
temperature of the uid, Yi is the bulk mass fraction of species i, u is axial velocity, Yi;s is the
surface concentration of the species i. Variables subscripted with 0 are their values at the inlet
condition i.e. at z=0 .
As combustion reactions are highly exothermic reactions, temperature in the system changes
rapidly. So we cannot use constant transport property and thermodynamic property values such
as viscosity, thermal conductivity of the uid and specic heats of the species. Temperature and
pressure dependencies are incorporated for calculating the transport and thermodynamic properties.
2.5 Transport Properties
2.5.1 Pure species viscosity and Binary diusion coecients
Pure component viscosity are given by the standard kinetic theory, the equation is[8]
k =
5
16
p
mkkBT
2k!
(2;2) (2.27)
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Where mk molecular weight, k Lennard-Jones collision diameter, kB Boltzmann constant, T tem-
perature in K, !(2;2) is the collision integral, depends on the reduced temperature given as
T k =
kBT
k
(2.28)
and on reduced dipole moment given as
k =
1
2
2k
k3k
(2.29)
k is the Lennard-Jones potential well depth, k is the dipole moment. The collision integral value
is calculated using a quadratic interpolation of the tables of Stockmayor potentials given in Monchik
and Mason[7]. Binary diusion coecients in terms of temperature and pressure is
Djk =
3
16
p
2k3BT
3=mjk
P2jk!
(1;1) (2.30)
where mjk is the reduced molecular weight of species (j,k) pair given as
mjk =
mjmk
mj +mk
(2.31)
jk is the reduced collision diameter, !
(1;1) is the collision integral based on Stockmayer potentials
depends on reduced temperature T jk, and reduced temperature depends on dipole moments k and
polarizabilities k. In the calculation of reduced quantities we consider two dierent cases such as
both the colliding molecules are polar or non polar and one molecule is polar and the other is non
polar. For the case of both the colliding molecules are polar or non polar expressions are as follows
jk
kB
=
r
jk
k2B
(2.32)
jk =
1
2
(j + k) (2.33)
2jk = jk (2.34)
In the case of a polar molecule collision with non polar molecule and vice versa, the following
expressions are used
jk
kB
= 2
r
jk
k2B
(2.35)
jk =
1
2
(j + k)
 1
6 (2.36)
2jk = 0 (2.37)
Where
 = 1 +
1
4
p

n
r
p
n
(2.38)
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where p is the reduced polarization of non polar molecule and 

p is the reduced dipole moment of
polar molecule, these are given as
n =
n
3n
(2.39)
p =
pq
p3p
(2.40)
Evaluation of the collision integral !(1;1) depends on the reduced temperature
T jk =
kBT
jk
(2.41)
and the reduced dipole moment,
jk =
1
2
2jk (2.42)
2.5.2 Pure species Thermal Conductivity
Pure species thermal conductivities are calculated using the following equations, we use them in
nding the mixture thermal conductivity. These pure species conductivities are calculated based on
translational, rotational, and vibrational contributions as described in Warnatz [9].
k =
k
Wk
(ftrans:Cv;trans: + frot:Cv;rot: + fvib:Cv;vib:) (2.43)
where
ftrans: =
5
2

1  2

Cv;rot
Cv;trans:
A
B

(2.44)
frot: =
Dkk
k

1 +
2

A
B

(2.45)
fvib =
Dkk
k
(2.46)
and
A =
5
2
  Dkk
k
(2.47)
B = Zrot +
2


5
3
Cv;rot:
R
+ Dkkk

(2.48)
Depending on whether a molecule is linear or nonlinear heat capacity relationships will dier. For
a linear molecule
Cv;trans:
R
=
3
2
(2.49)
Cv;rot
R
= 1 (2.50)
Cv;vib = Cv   5
2
R (2.51)
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Where Cv is the specic heat at constant volume of the molecule and R is the universal gas constant.
For the case of nonlinear molecule the following relations hold,
Cv;trans:
R
=
3
2
(2.52)
Cv;rot
R
=
3
2
(2.53)
Cv;vib: = Cv   3R (2.54)
The translational part of Cv is always same. In the case of single atoms there will not be any internal
contributions Cv and hence
k =
k
Wk

ftrans:
3
2
R

(2.55)
where ftrans =
5
2 . Self diusion coecient Dkk is calculated as below
Dkk =
3
16
p
2k3BT
3=mk
P2k!
(1;1) (2.56)
Density of the species is calculated by using the ideal gas law,
 =
PWk
RT
(2.57)
where p is the pressure and Wk is the species molecular weight.
The rotational relaxation collision number at 298 K is assumed. And its temperature dependence
is calculated as follows[10] [11]
Zrot:(T ) = Zrot:(298)
F (298)
F (T )
(2.58)
where F (T ) is
F (T ) = 1 +

3
2
2

=kB
T
 1
2
+

2
4
+ 2

=kB
T

+ 
3
2

=kB
T
 3
2
(2.59)
2.5.3 Mixture Average Properties
Mixture properties are calculated by using the averaging formulas from the individual species prop-
erties as given below. The mixture average viscosity is given as
 =
KX
k=1
0BBBBB@
Xkk
KX
j=1
Xjkj
1CCCCCA (2.60)
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where kj is given by the following formula
kj =
1p
8

1 +
Wk
Wj
 1
2
 
1 +

k
j
 1
2

Wj
Wk
 1
4
!2
(2.61)
Mixture average thermal conductivity is calculated using the averaging formula
 =
1
2
0BB@ KX
k=1
Xkk +
1X
k=1
KXk=k
1CCA (2.62)
Mixture Diusion coecient is calculated as
Dkm =
KX
j 6=k
XjWj
W
KX
j 6=k
Xj=Djk
(2.63)
2.6 Thermodynamic Properties
Heat capacity at constant pressure, enthalpy and entropy values are very important in combustion
systems which are useful in calculating other thermodynamic quantities such as heat of reaction,
free energy change of reaction. Heat capacity at a constant pressure can be written as a polynomial
of temperature. We are using NASA polynomials here, the expressions are as follows
C0pk
Rg
= a1k + a2kTk + a3kT
2 + a4kT
3 + a5kT
4 (2.64)
Enthalpy of a species is calculated as
H0k =
Z
C0pkdT (2.65)
which on replacing C0pk with the equation 3.7 results in the following form
H0k
RgT
= a1k +
a2k
2
T +
a3k
3
T 2 +
a4k
4
T 3 +
a5k
5
T 4 +
a6k
T
(2.66)
Entropy of a species is calculated as
S0k =
Z
C0pk
T
dT (2.67)
on replacing C0pk with eq(3.7) we get
S0k
Rg
= a1klnT + a2kT +
a3k
2
T 2 +
a4k
3
T 3 +
a5k
4
T 4 + a7k (2.68)
Using these three properties we can calculate the other thermodynamic properties as follows. Heat
capacity at constant volume is
C0vk = C
0
pk  Rg (2.69)
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Internal energy
U0k = H
0
k  RgT (2.70)
Gibb's free energy is
G0k = H
0
k   TS0k (2.71)
2.7 Mixture average properties
Average specic heat at constant pressure and at constant volume are
Cp =
KX
k=1
CpkXk (2.72)
Cv =
KX
k=1
CvkXk (2.73)
Mixture average enthalpy is
H =
KX
k=1
HkXk (2.74)
Mixture average internal energy
U =
KX
k=1
UkXk (2.75)
Before evaluating mixture average entropy we need to write the entropy of the species with the
pressure and the mixing terms as
Sk = S
0
k  RglnXk  Rgln(p=Patm) (2.76)
Now the other properties of the system like Gibb's free energy and Helmholtz energy are calculated
using this new entropy equation. Gibb's free energy is
G =
KX
k=1
(Hk   TSk)Xk (2.77)
Helmholtz energy is
A =
KX
k=1
(Uk   TSk)Xk (2.78)
Chemical kinetics are very important in the combustion reactions. There are gas phase and
surface reactions present in the catalytic combustion reactor, So both gas phase and surface reaction
mechanisms are considered for calculating molar production rates of species at any point in the
reactor.
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2.8 Results and Discussions
Here a tubular reactor loaded with platinum is studied with two systems, one NO2 decomposition,
and another is methane total combustion in air. NO2 decomposition is carried out in a reactor of
length 10cm , radius of 7.5mm of uniform cross section, inlet velocity is 0.1m/s, inlet pressure is
1 atm ,with an inlet temperature of 600K and a wall temperature of 1073K. A composition of 6.3
percent by volume of NO2 in a mixture of N2 is combusted in a platinum loaded reactor with a
surface site density of 2.72010 9 mole/cm2. The mechanism of NO2 decomposition in presence of
Pt as shown in Table.1 is used. Physical properties like transport properties and thermodynamic
properties of the species are calculated according to the formulas described in the previous sections
of the chapter, these formulas are incorporated in C++ library les known as CRATL. Governing
equations of species balance, continuity equation and energy balance equations are solved using
limex(Deuhardt et al., 1987) a dierential algebraic equations(DAE) solver developed in Fortran
which is a third party solver. A plot of Sherwood number with respect to length of the reactor is
plotted. From the Fig.2.2 it is observed that the Sherwood number is high at inlet and it is decreased
as the length reaches several millimeters, Sherwood number is an indication of the mass transfer
coecient in the reactor, hence it can be observed that the mass transfer coecients of the species
are high at the reactor inlet, it is because at that length boundary layer formation would have not
started, but immediately after the entrance the Sherwood number is decreasing, an indication of
formation of boundary layer and hence the resistance to mass transfer starts and hence lower mass
transfer coecients, which results in lower reaction rates. It is not the case if we model the reactions
as PFR where the concentration is uniform across the cross section.
Table 2.1: Platinum mechanism for NO2 decomposition
SNo Reaction Aa a Ea
1. O2 + 2Pt(s) ! 2O(s) 7.0010 2 0.0 0.0
2. NO + Pt(s) ! NO(s) 8.5010 1 0.0 0.0
3. NO2 + Pt(s) ! NO2(s) 9.0010 1 0.0 0.0
4. O + Pt(s) ! O(s) 1.0010 0 0.0 0.0
5. 2O(s) ! O2 + Pt(s) 3.701021 0.0 213.0
The reaction rate is modied by
an activated O(s) coverage i.e.,
k=AT exp(-E/RT)exp(-[H(s)]=RT )
where activation parameter  = 70kJ=mol
6. NO(s) ! NO+ Pt(s) 1.001016 0.0 90.0
7. NO2 ! NO2 + Pt(s) 1.001013 0.0 60.0
8. NO(s) + O(s) ! NO2(s) + Pt(s) 3.701021 0.0 96.3
The reaction is dependant on NO(s),
and O(s) coverage, Activation parameter
for NO(s) is 70kJ/mol and temperature
exponent is 1, activation parameter for
O(s) is 70kJ/mol
9. NO2(s) ! NO(s) + O(s) 3.701021 0.0 79.57
aArrhenius parameters for the rate constants written in the form k=A T  exp( -E /RT).
The units of A are given in terms of moles, cubic meters, and seconds, E is the kJ/mol.
b The surface coverage (e.g. [H(s)] ) is specied as a site fraction .
c Sticking coecient. Total available site density for Pt is = 2.7 10 9 mol/cm2
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Figure 2.2: Sherwood number of the species NO2, NO, O2 along with length of the reactor
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Figure 2.3: Mole fraction proles of NO2 and O2 along the length for the three dierent models
A plot comparing the mole fractions of species NO2, O2 is shown in the Fig.2.3. It can be
observed that the concentration of NO2 suddenly drops in the case of PFR, in the case of the 2D
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model and PFR incorporated with mass transfer coecients, the change in concentrations is slow
and the dierence is high, it is the result of the introduction of the mass transfer coecients to
calculate the concentrations at the surface. It emphasizes the importance of the correlations to nd
mass transfer coecients. It can also be observed that the proles for the PFR with mass transfer
and 2D are close. This gives a motivation for developing more eective mass transfer correlations.
Another system which is total combustion of methane in presence of excess air and platinum
catalyst is studied. The reactor is of length 5cm and 2mm diameter, the wall temperature is kept at
1290K(isothermal process), pressure at 1 atm. A 5% methane by volume in air mixture is considered
for the combustion, velocity of the feed is 2 m/s, inlet temperature is 600K, and a surface density
of 2.72010 9mol/cm2 is used. A Pt mechanism for total combustion of methane developed by
Deutschmann [13] is described in the Table 2.2. Simulations are carried out with all the three
models keeping all the conditions same and Sherwood number and mole fractions of the species
along the reactor length are plotted.
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Figure 2.4: Sherwood number of the species CH4, H2O, CO2 and O2 along the length of reactor
From the Fig.2.4 we can observe the variation of Sherwood number with length for various species,
the trend is similar to the previous case, but the Sherwood numbers for all the species are very close.
At the entrance of the reactor Sherwood numbers are high as expected and they quickly decay as the
length reaches several millimeters and by then the reaction will be in equilibrium and there will not
be any concentration dierences, that is why in all the models at the end the composition remains
same corresponding to that temperature, pressure and inlet composition.
14
Table 2.2: Pt mechanism for methane combustion
SNo Reaction Aa a Ea
1. H2 + 2Pt(s) ! 2H(s) 4.461010 0.5
The reaction rate is rst order in Pt(s)
The reaction is has an equivalent sticking
coecient of 0.046
2. 2H(s) ! H2 +2Pt(s) 3.70 1021 67.3
The reaction rate is modied by an activated H(s)
coverageb i.e., k=AT exp(-H(s)=RT )
where activation parameter  =  6kJ=mol
3. H + Pt(s) ! H(s) 1:00c
4. O2 + 2Pt(s) ! 2O(s) 1.80 1021 -0.5
5. O2 + 2Pt(s) ! 2O(s) 0:023c
Reactions 4 and 5 represent alternative
competing pathways
6. 2O(s) ! O2 + 2Pt(s) 1.8 1021 213.2
The reaction rate is modied by an activates O(s)
coverage, activation parameter is -60kJ/mol
7. O + Pt(s) ! O(s) 1.0
8. H2O + Pt(s) ! H2O(s) 1.0
9. H2O(s) + Pt(s) ! H2O +Pt(s) 1.01013 40.3
10. OH + Pt(s) ! OH(s) 1.0
11. OH(s) ! OH+ Pt(s) 1.0 1013 192.8
12. H(s) + O(s) ! OH(s) + Pt(s) 3.701021 11.5
13. H(s) + OH(s) ! H2O(s) + Pt(s) 3.701021 17.4
14. OH(s) + OH(s) ! H2O + O(s) 3.701021 48.2
15. CO +Pt(s) ! CO(s) 1.618 1020 0.5
The reaction rate is 2nd order in Pt(s)
The reaction is equivalent to a sticking
coecient of 0.84
16. CO(s) ! CO+ Pt(s) 1.0 1013 125.5
17. CO2(s) ! CO2 +Pt(s) 1.0 1013 20.5
18. CO(s) + O(s) ! CO2 + Pt(s) 3.70 1021 105.0
19. CH4 + 2Pt(s) ! CH3(s) + H(s) 4.63 1020 0.5
The reaction rate has a 2.3 order
dependance on Pt(s) The reaction is
equivalent to a sticking coecient of 0.01
20. CH3(s) + Pt(s) ! CH2(s) +H(s) 3.71021 20.0
21. CH2(s) +Pt(s) ! CH(s) + H(s) 3.71021 20
22. CH(s) + Pt(s) ! C(s) + H(s) 3.7 1021 20
23. C(s) + O(s) ! CO(s) + Pt(s) 3.7 1021 62.8
24. CO(s) ! C(s) + O(s) 1.01018 184.0
aArrhenius parameters for the rate constants written in the form k=A T  exp(-E /RT).
The units of A are given in terms of moles, cubic meters, and seconds, E is the kJ/mol.
b The surface coverage (e.g. [H(s)] ) is specied as a site fraction .
c Sticking coecient. Total available site density for Pt is = 2.7 10 9 mol/cm2
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catalyst
2.9 Summary
From the two systems studied above it is clear that plug ow modeling will predict a poor com-
position prole in a tubular reactor when compared to 2D model. A plug ow model with mass
transfer limitation modeled using a mass transfer correlation gives comparable results with that of
2D boundary layer model. When accurate results are not necessary we can use plug ow with mass
transfer limitation, which reduces the time required for simulation, which will complete in a several
minutes.
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Chapter 3
Equilibrium Composition
Calculations
3.1 Formulation
Here a procedure is described to calculate the equilibrium composition which is adapted from Milo
D. Koretsky's book on thermodynamics "Engineering and Chemical Thermodynamics". Equilibrium
composition code is developed to check the nal compositions or the equilibrium compositions ob-
tained using the channel reactors that we are simulating in the current study by implementing the
mass transfer and heat transfer limitations. It also helps in validation of the reaction mechanism
adapted in a certain temperature range. Some reaction mechanisms may not be valid in certain
temperature range, In such a case to validate the temperature range for a particular mechanism
this equilibrium code can be used. It is based on the principles that the total number of the atoms
present in the system at any point will be same[6].
Generalized method for nding the equilibrium composition can be described as follows. As-
suming there are m number of species present in the system at equilibrium, k is the number of the
dierent atoms whose combination in several ways can make up the system during the reactions,
and ni is the number of moles or mole fraction of the species i ( i can have a value 0 to m  1 ) in
the system. A relation between the number of moles of the species and the elements present in each
species with the total number of elements in the system can be written as follows,
AkmXm1 = Bk1 (3.1)
Where the matrix A in the row wise gives the number of elements present in each species of the
system in each column, likewise it gives for all the species in the system. So each row gives for a
particular element in the system. X is a column matrix which gives the number of moles of each
species in the system, B gives the total number of moles of species in the system which depend on
the input composition of the system. Both Matrices A and B are unchanged in the system until we
change the initial composition or the number of species present in the system. X varies with the
temperature. Relation given by Eq.(3.1) gives k equations in terms of the number of moles of the
species.
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If we consider ni as the number of moles of the species i in the system, ai;j is used to represent
the elements of the matrix A, and bi represent the elements of the matrix B, Then the k equations
are given as
j=mX
j=1
ai;jnj = bi (3.2)
Where i varies from i = 1 to i = k i.e one equation for balance of moles of one element from all the
species in the system, there will be k such equations. Using the minimization of Gibb's free energy
m equations can be formed as
g0f;l +RTln
nl
nT
+ iai;l = 0 (3.3)
Here g0f;l is the Gibb's free energy of species l at the given temperature and pressure, nl is
number of moles of species l. Gibbs energy of species is calculated by using the thermodynamic
formulas available in the C++ library which implements all the thermodynamic and transport
properties according to the principles discussed in the chapter 2. We have m + k equations here
and m + k variables. These equations constitute a nonlinear system of equations. A C++ code is
developed and added to the software CRMS developed by Dr. Vinod M. Janardhanan to read the
number of species, their initial mole fractions, reaction temperature and to form the A, B matrices.
The resulting equations are solved using Newton Solver.
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Figure 3.1: Comparison of the compositions obtained from various Softwares, for methane partial
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3.2 Results and Validation
The results obtained using our code is thoroughly validated with the other available softwares like
DETCHEM, GASEQ, STANJAN which are some widely used softwares in the scientic community.
Two systems are analyzed for equilibrium compositions in three dierent codes, including our code,
one is 3:4 ratio of methane to oxygen system, which falls nearly in total combustion range and a
temperature range of 6000 to 10000C. Another system is a 5 percent propane in air, which falls
in the partial combustion composition is analyzed at dierent temperatures ranging from 6000C to
10000C. For the above two cases mole fractions are plotted for key species like methane, propane,
CO and H2, CO2, H2O in Fig.3.1 and Fig.3.2.
Fig.3.1 shows equilibrium mole fraction of CH4, CO2, H2O when methane of same inlet mole
fraction is used at dierent temperatures, it can be clearly observed that the three cases are merging
each other, giving the same equilibrium composition for all the softwares. Fig.3.2 shows equilibrium
mole fractions when propane is reacted with air, here oxygen is used less, so that partial combustion
occurs to form H2, CO components as major products. It is clear from the gure that all the
equilibrium compositions at dierent temperatures for dierent softwares have same values and the
lines are indistinguishable.
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3.3 Summary
Equilibrium composition code developed is in very good agreement with the any other good package
available. It can be used to any system of components given the thermodynamic data les in the
NASA polynomial format.
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Chapter 4
Mechanism Validation
4.1 Background
A detailed mechanism developed based on experiments under certain conditions of physical parame-
ters is valid only to those conditions under which it is developed, but people use mechanisms out of
the range in which it is supposed to be used. This study of comparison of the maximum possible con-
version with the equilibrium conversion for certain range of temperature, pressure and concentration
ratios in terms of equivalent ratio may give us some insight into the mechanism validity.
Plug ow reactor of certain radius and a length such that the system comes to equilibrium by
the time the reactants and products reaches the other end(Length of 20cm is used ). Rhodium
mechanism for the partial combustion of methane is assessed. Pressure is kept constant at 1 atm
for all the simulations, temperature is varied from 5000C to 12000C, equivalence ratio varies from
0.25 to approximately 10. Equivalence ratio is 1 when CH4 to O2 ratio is 2:1 which is for complete
partial combustion situation, equivalence ratio equal to or more than 1 is corresponding to partial
combustion of methane.
The concentrations of the various species at the exit of the reactor is compared with the concen-
trations of various species calculated using equilibrium code. Conversion obtained by any reactor
developed should be lower than the conversion obtained by equilibrium. The comparison of concen-
tration for various temperatures are plotted below.
It is observed from the results that the mechanism is not appropriate at certain equivalence
ratios, this also changes with temperature. And the mechanism is giving good results for the values
of equivalence ratios of 1 or more than 1. It is also observed from the graphs that the mole fractions
of water and carbon dioxide are more than what equilibrium predicts, so it requires the mechanism
to be rened yet with respect to H2O and CO2. From this analysis we can say that any published
mechanism cannot be used beyond certain range of values for composition and at a particular
temperature.
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Figure 4.1: Comparison of the PFR compositions and equilibrium compositions at 6000 C
4.2 Results and Discussions
Here methane partial combustion mechanism with Rhodium is analyzed for its validity in the wide
range of Equivalence ratio and at dierent temperatures. Detailed surface reaction mechanism
developed by Deutschmann et al 2001[12], presented in Table 4.1. Plug ow reactor is used to
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Figure 4.2: Comparison of the PFR compositions and equilibrium compositions at 8000 C
simulate the methane partial combustion to obtain the equilibrium composition from the model for
the Rhodium mechanism. Equivalence ratio of 0.25 to 10 is used to simulate the combustion in the
temperature range of 6000C to 10000C with an interval of 1000C. Velocity is not a constraint here
as the length of the reactor is taken long enough to equilibrate the reactants. But a reactor length
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Figure 4.3: Comparison of the PFR compositions and equilibrium compositions at 10000C
of 20cm is almost long enough to reach equilibrium. Pressure is maintained at 1atm, radius of the
reactor is 1mm. For each equivalence ratio and temperature equilibrium compositions from both
PFR model and from Equilibrium code are noted for the comparison. Similar procedure is carried
out till Equivalence ratio reaches 10. The intermediate points are choosen such a way that around
10 to 15 points are available. The species proles at three temperatures 6000C, 8000C, 10000C are
shown here.
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Table 4.1: Rh mechanism for Methane partial combustion
SNo Reaction Aa a Ea
1. H2 + 2Rh(s) ! 2H(s) 0.01 0.0 0.0
2. O2 + 2 Rh(s) ! 2O(s) 0.01 0.0 0.0
3. CH4 + Rh(s) ! CH4(s) 8.010 3 0.0 0.0
4. H2O + Rh(s) ! H2O(s) 1.010 1 0.0 0.0
5. CO2 + Rh(s) ! CO2(s) 1.010 5 0.0 0.0
6. CO + Rh(s) ! CO(s) 5.0110 1 0.0 0.0
7. 2H(s) ! H2 + 2Rh(s) 3.01021 0.0 77.8
8. 2O(s) ! O2 + 2Rh(s) 1.301022 0.0 355.2
9. H2O(s) ! H2O + Rh(s) 3.01013 0.0 45
10. CO(s) ! CO+Rh(s) 3.501013 0.0 133.4
11. CO2(s) ! CO2 + Rh(s) 1.01013 0.0 21.7
12. CH4(s) ! CH4 + Rh(s) 1.01013 0.0 25.1
13. H(s) + O(s) ! OH(s) + Rh(s) 5.01022 0.0 83.7
14. OH(s) +Rh(s) ! O(s) + H(s) 3.01020 0.0 37.7
15. H(s) +OH(s) ! H2O(s)+Rh(s) 3.01020 0.0 33.5
16. H2O(s) +Rh(s) ! H(s) + OH(s) 5.01022 0.0 106.4
17. OH(s) + OH(s) ! H2O(s) + O(s) 3.01021 0.0 100.8
18. H2O(s) + O(s) ! OH(s) + OH(s) 3.01021 0.0 224.2
19. C(s) + O(s) ! CO(s) + Rh(s) 3.01022 0.0 97.9
20. CO(s) + Rh(s) ! C(s) + O(s) 2.51021 0.0 169.0
21. CO(s) + O(s) ! CO2(s) +Rh(s) 1.41020 0.0 121.6
22. CO2(s) + Rh(s) ! CO(s) + O(s) 3.01021 0.0 115.3
23. CH4(s) +Rh(s) ! CH3(s) +H(s) 3.701021 0.0 61.0
24. CH3(s) + H(s) ! CH4(s) +Rh(s) 3.71021 0.0 51.0
25. CH3(s) + Rh(s) ! CH2(s) + H(s) 3.71024 0.0 103.0
26. CH2(s) + H(s) ! CH3(s) + Rh(s) 3.71021 0.0 44.0
27. CH2(s) + Rh(s) ! CH(s) + H(s) 3.71024 0.0 100.0
28. CH(s) + H(s) ! CH2(s) + Rh(s) 3.71021 0.0 68.0
29. CH(s) + Rh(s) ! C(s) + H(s) 3.71021 0.0 21.0
30. C(s) + H(s) ! CH(s) + Rh(s) 3.71021 0.0 172.8
31. CH4(s) + O(s) ! CH3(s) + OH(s) 1.71024 0.0 80.3
32. CH3(s) + OH(s) ! CH4(s) +O(s) 3.71021 0.0 24.3
33. CH3(s) + O(s) ! CH2(s) + OH(s) 3.71024 0.0 120.3
34. CH2(s) + OH(s) ! CH3(s) + O(s) 3.71021 0.0 15.1
35. CH2(s) + O(s) ! CH(s) + OH(s) 3.71024 0.0 158.4
36. CH(s) + OH(s) ! CH2(s) + O(s) 3.71021 0.0 36.8
37. CH(s) + O(s) ! C(s) + OH(s) 3.71021 0.0 30.1
38. C(s) + OH(s) ! CH(s) + O(s) 3.71021 0.0 145.5
aArrhenius parameters for the rate constants written in the form k=A T  exp( -E /RT).
The units of A are given in terms of moles, cubic meters, and seconds, E is the kJ/mol.
b The surface coverage (e.g. [H(s)] ) is specied as a site fraction .
c Sticking coecient. Total available site density for Pt is = 2.7 10 9 mol/cm2
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From Figs. 4.1 to 4.3 the temperature dependence is not much observed, so it is the fuel to air
ratio, or Equivalence ratio whichever requires attention in using it for our applications. Coming
to the eect of equivalence ratio on the outlet composition, from the gure 4.1 the composition of
CH4, CO, H2 are considerable as they are below the equilibrium limits for equivalence ratio of 1 and
more than one , any reaction cannot go beyond the equilibrium composition. From the gures it
can be observed that the methane mole fraction is more than that of equilibrium which means that
the conversion of PFR model is less than equilibrium predicts, which is valid observation as any real
reaction cannot go beyond the equilibrium conversion. Similarly on observing the mole fractions of
H2, CO which are the products of partial combustion of methane, PFR gives lower mole fractions
than that of equilibrium compositions, which is expected. It can also be observed that the mole
fractions of components H2O, CO2 are more than that equilibrium compositions. Species H2O and
CO2 will also present in products of methane partial combustion, product cannot be more than that
what equilibrium predicts.
4.3 Summary
As methane conversion, and the formation of the major products are in good agreement with equi-
librium mole fractions for values of equivalent ratio greater than 1, for which the mechanism is
developed for, it should be strictly used in this range of equivalence ratio to give reliable compo-
sitions. And also the mechanism requires more renement with respect to formation of water and
carbon dioxide molecules.
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Chapter 5
Summary
We have studied behavior of tubular reactors under dierent ways of modeling, namely plug ow
reactor, plug ow with mass transfer limitation and modeling in 2 Dimensions. We have compared
the results in all the three cases, and dierences exists for all, but the dierence of plug ow reactor
results are high and we can come to a conclusion that plug ow reactor cannot be used for combustion
processes, where as the dierences for plug ow with mass transfer and 2 model are low, so that we
can use plug ow model with mass transfer in place of 2D model to reduce time consumption with
nearly same results. This also emphasizes importance of the widely valid mass transfer correlations
to predict accurate reaction rates and concentrations on the surface of the catalysts. A C++
code for calculating the equilibrium composition is developed and is validated with other available
codes. A mechanism validating study is carried out, where the exit compositions of the plug ow
reactor using the Rhodium mechanism for methane partial combustion for dierent equivalence
ratios and dierent temperatures. The results are compared with the results obtained from the
equilibrium code. The results showed that for some of the species the compositions are comparable
with equilibrium compositions for the values of equivalence ratio 1 and above, but still for some
species ,i.e for H2O, CO2 are erroneous, which emphasizes that the mechanism may have to be
rened to give good results for the species mentioned. In future we can use more ecient mass
transfer correlations and using this the dierences for 2D and PFR with mass transfer model can
be even reduced, which can save time to simulate such processes with tubular reactors.
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